Research presented in this paper investigated the sealing behaviour of the microannulus at cement-casing interface under simulated subsurface reservoir pressure and temperature conditions and used the experimental findings to develop a methodology to assess the overall integrity of the wellbore region during CO2 storage. A full scale wellbore experimental test set up was constructed for use under elevated pressure and temperature conditions encountered in typical CO2 storage sites. Three test cases representing different reservoir depth, temperature and brine salinities were analysed through long term experiments with continuous flow of CO2 through the microannulus. Relationships for the reduction in permeability of the microannulus with time were derived from the experimental data for use in reservoir simulations on a realistic reservoir model for all three scenarios to assess the impact of leakage from the wellbore casing and cement interface on integrity of CO2 storage.
Introduction
The long term integrity of geologically stored CO2 would depend on an impermeable caprock and absence of leakage pathways that could potentially result in the release of stored CO2 into the atmosphere. Wellbore integrity is of paramount importance in this context as improperly executed well completions or failure of cement/casing is likely to trigger potential leakage of the stored CO2 [1] .
Observations from oilfield operations indicate that the pressure reversals within the wellbore during production and injection of fluids could result in expansion and contraction of steel casing and impose cyclic displacement on the casing and the cement sheath, which may result in the formation of microannulus at the cement and casing interface [2] . Cement shrinkage can also result in circumferential crack propagation along these interfaces [3] Early research has suggested that the casing-cement interface is more likely to be the primary path for potential CO2 leakage as compared to the slow diffusion through the cement matrix [4, 5, 6] . The sealing characteristics of a conductive microannulus have first been studied for its structural integrity using a full-scale annular geometry by Boukhelifa et al. [7] . It was noted that the structural response of the cement to the mechanical deformation applied depends on the type of cement used. Carey et al. [8] reported the geochemical interpretation of cement-carbon steel interface for continuous flow of CO2 under representative CO2 geological storage conditions. Observations from scanning electron microscopy of the sample indicated evidence of chemical reactions between cement, steel, brine and CO2.
The research reported here is aimed at describing the mechanisms in the near wellbore region with an emphasis on utilising the laboratory observations to assess wellbore integrity for CO2 storage sites. Therefore, the main objective was to investigate the sealing behaviour of the rock-cement-casing interfaces under simulated downhole conditions subject to CO2 fluxes. Experimental studies were carried out on a full scale wellbore model and the results obtained were used as input to numerical models of reservoirs with representative geological settings.
Design and construction of the wellbore model for laboratory experiments
A full scale laboratory test set up was designed to simulate the in-situ infrastructure and stress distribution around the CO2 injection wellbore. The experimental set up was intended to address the following aspects: a) creation of a controlled microannulus between the wellbore casing and cement b) facilitate the application of stress on the casing in order to simulate subsurface stresses and control the width of the microannulus between cement and casing c) facilitate the flow of pore fluids through the microannulus between casing and cement d) simulate appropriate reservoir stresses acting on the cement. As shown in Fig.1 , the wellbore test cell is essentially an assembly of a number of key components:
The central loading mechanism (CLM) consists of four case hardened shoes and can impart uniform radial load onto the well casing. The radial movement of the shoes is powered through the synchronised movement of four precision Enerpac jacks controlled hydraulically. Calibration routines were carried out to relate the hydraulic loading imparted by the jacks and the resulting displacement of the stainless steel casing (Fig. 1a) . The wellbore cell consists of two concentric stainless steel cylinders (Fig. 1a) , with the inner one representing a well casing of 168.3 mm in diameter. The outer stainless steel cylinder is intended to simulate the stiffness provided by the reservoir rock to the displacement applied at the wellbore. Assuming an isotropic formation and plane strain conditions for the stress distribution around the injection wellbore, the relationship between the dimensions of the outer steel cylinder and the shear modulus of the formation it simulates has been obtained by equating the strain in the stainless steel ring and the rock [9] . For the current experimental programme, a cylinder of diameter 219.8 mm and thickness of 3.76 mm was chosen to represent relatively weak geological formation of shear modulus 3.4 GPa.
The wellbore cell is supported by 25.4 mm thick 316 stainless steel plates (Fig. 1b) to ensure the flow of fluids through the cement-steel casing interface. The stainless steel plates are equipped with ports for fluid flow and provision for pressure transducers. The bottom plate has four equally spaced adjustable legs along the circumference (Fig. 1b) to enable the cell to remain in horizontal position. The top and bottom plates are held in place using eight (8) high tensile bolts (Fig. 1b) which also ensure that the assembly remains gas tight.
Pressure is monitored at three locations using PDCR type pressure transducers supplied by Druck GE UK Ltd. The range of pressures that can be measured using these transducers is 0 -13.78 MPa (0 -2,000 psi). However, for high pressure and high temperature measurements UNIK 5000 specialist pressure transducers, supplied by GE Measurement and Control, capable of measuring pressures up to 41.36 MPa (6,000 psi) at 105 o C were used. In addition to the pressure transducers, a mass flow controller supplied by Agilent Technologies, USA, was used to control the volume of CO2 injected into the wellbore cell.
A schematic of the experimental setup with the wellbore cell and ancillary equipment is shown in Fig. 2. An Ergotech hydraulic pump was used to control the displacement of the cement casing through the hydraulic jacks of the CLM. The test setup is enclosed in a laboratory oven, which acts both as temperature control and safety enclosure. The pore fluid is supplied either directly from a gas cylinder or from two ISCO syringe pumps, which ensure injection at a constant rate. Pure CO2 or CO2 saturated brine, as pore fluid, can be supplied thorough the syringe pump and accumulator at constant pressure or constant flow rate. The operational pore pressure and flow rates are applied to ensure that the flow remained laminar. Before assembling the wellbore model, calibration routines were carried out to establish that both uniformity in radial loading applied by the CLM and uniformity in radial deformation of the stainless steel casing achieved.
In preparation for setting the cement between the two stainless steel cylinders, a pressure of 4 MPa was applied on the well casing to displace the stainless steel casing by 12 m. In a clean laboratory vessel, Portland cement was mixed with deionised water to prepare API RP 10B Grade G cement mix. Keeping the well casing under stress, freshly prepared cement slurry was poured into the annulus between the stainless steel well casing and outer stainless steel cylinder. The cement was allowed to set for one day and the load was removed by retracting the well casing through depressurising the CLM and thus imposing tensile stress on the cement casing interface resulting in the creation of a microannulus. The cement was then cured for 28 days in water at ambient temperature.
Flow characteristics of microannulus at the cement casing interface
The sealing behaviour of microannulus to a flux of CO2 flow at the cement casing interface was assessed for three sets of pressure and temperature conditions representing CO2 storage in subsurface reservoirs (Table 1) . Table 1 . Test conditions for three sets of experiments (salinities adapted from Michael et al. [9] ) * Here, the temperature and pressure values were taken as the main reference, rather than the exact depths of the injection wells at the field sites referred to.
After being cured for 28 days, the experimental wellbore cell was removed out of water and fitted with the auxiliary equipment and maintained at experimental temperature. Prior to CO2 flow experiments, measurements were carried out to establish the flow characteristics of microannulus for non-reactive transport. Firstly, the permeability of the microannulus was measured using nitrogen as pore fluid. The experimental set up was then saturated with brine of appropriate salinity and continuous flow of brine at 1 ml/min was allowed through the microannulus at the cement-casing interface. The pressure drop across the wellbore cell was measured. The initial permeability of the microannulus (without any load on the CLM) was measured for all three experimental scenarios using nitrogen and brine as the pore fluid ( Table 1) .
As the test pressure and temperatures of scenarios 1 and 2 are nearly the same and test conditions vary only in salinity of the reservoir fluids, these two experiments were considered to quantify the effect of brine salinity and its impact on the sealing behaviour of the well casing and cement interface. Dry CO2 was flowed through microannuli at a constant rate of 70-100ml/min, to simulate leakage of CO2 from the well due to failure at the casing-cement interface. Initially, experiment started with CO2 flow at 100 ml/min but has to be reduced to 70 ml/min at later stages to limit the increase in pore pressure. A pressure of 10 and 7 MPa, respectively, was applied to the central loading mechanism for the two scenarios to represent in-situ well pressure on the steel casing, which in turn controls the aperture of the microannuli. The flow rate was maintained so as to ensure the flow is capillary driven (capillary number ~ 10 -12 ) and that gravity effects are minimal. For the Sleipner type test conditions, a significant and noticeable change in permeability was observed within the first 60 days of the commencement of the experiments, after which the permeability remained nearly constant for the (Fig.3a) . The reduction in permeability represents self-sealing behaviour of the cement under constant flux of CO2. The reason for this decay is attributed to the reactive transport of CO2 in the presence of brine and cement, resulting in the carbonation of cement and precipitation of calcite within the microannuli, acting as a barrier to flow of CO2. Also, the layer formed by carbonation prevents CO2 from flowing into the cement matrix as observed by Crow et al [6] . Analysing the flow rate over time, it was noted that the initial permeability of the Ketzin type scenario decreased faster than that for the Sleipner type scenario (Fig. 3a) . This accelerated decrease in permeability was due to the accelerated carbonation rates as a result of higher salinity of the brine. The rate of reduction in permeability was further increased by the deposition of salt from the brine, an observation that was visually confirmed when the experimental test rig was dismantled.
In the case of deep North Sea type reservoir conditions, the CO2 flow-through experiments were carried out at high temperature and CLM pressure at a constant CO2 flow rate of 300 ml/min. The pressure on CLM was set at 35 MPa and the experimental set up was maintained at 92 o C. No change in permeability was observed with CO2 flow, a possible reason being that the cement is dehydrated at such a high temperature and, hence, carbonation reactions are minimal or absent (Fig.3b) .
Numerical simulations to evaluate long term processes at wellbore
The objective of numerical modelling was to simulate the long term processes at the wellbore to evaluate the potential for leakage through and/or along the wellbore during the post-closure period. Near wellbore processes such as self-sealing behaviour of the cement casing interface and convective diffusion of CO2 into the reservoir brine were incorporated in the model.
In accordance with the reservoir setting tested experimentally in the laboratory, numerical simulations for subsurface CO2 behaviour were carried out for identical settings (pressure, temperature and brine salinity) on a realistic reservoir stratigraphy and reservoir properties representative of the sites modelled [5, 11] . The geometry of the model was taken as a template and the earth model was created by changing the model depth to respective reference depths. Petrel ® was used to create the earth model and Eclipse 300 was used for all reservoir simulations. The extent of the field in two mutually perpendicular axes is approximately 32 × 13 km. The reservoir model consisted of three zones: A host reservoir with an impermeable caprock and an overlying shallow aquifer. 
A' A
In the near wellbore region, grid refinement was implemented at three levels as shown in Table 2 . The wellbore block in coarse grid is divided into 10,000 grid blocks, each with a dimension 2 × 2 m. In the second level of grid refinement, 10 grid blocks on either side of the original grid blocks were divided into 100 blocks, each with dimensions of 20 × 20 m. For the third level of grid refinement 1,000 m of a domain on either sides of the well from 1,100 m was divided into 4 blocks of dimensions 100 ×100 m. Fig. 5 presents the near wellbore region and localised grid refinement in this region. This local grid refinement was carried out for the reservoir models generated for the scenarios 1-3. Table 2 . Grid refinement details in near wellbore region. The relative permeability characteristics for CO2 brine systems for both drainage and imbibition for Sleipner and North Sea type were adapted from Viking sandstone data reported by Bennion and Bachu [5] and for the Ketzin type reservoir model adapted from Kempka and Kuhn [11] .
During the simulations, CO2 was injected at a rate of 1 Mt/year for 10 years; wellbore leakage of CO2 was assumed to occur at the start of post-injection period. Wellbore leakage was simulated by introducing a permeable grid block (containing the injection well) in the caprock through its thickness, assigned with a permeability value same as that of the microannulus measured in the laboratory. The self-sealing behaviour was implemented by changing permeability of the grid blocks with time, following the relationship derived from the experimental studies (Figs. 3a and 3b) .
The amount of CO2 leaked into the shallow aquifer over a period of 10 years with and without self-sealing effects of the microannulus for Sleipner and Ketzin type of reservoir settings is shown in Figs. 6a and 6b . It can be seen that the amount of CO2 in all phases (dissolved, trapped and mobile), particularly the last two, within the shallow aquifer would be significantly reduced with the implementation of the sealing effects in the model, illustrating the positive impact of self-sealing behaviour of the microannulus in limiting the leakage of CO2. Moreover a subsequent decrease in the amount of mobile CO2 for the scenario without the self-sealing effects indicates diminished risk of CO2 transport further from its source. The experimental results for deep North Sea reservoir type setting indicated the absence of self-sealing behaviour. Numerical simulations carried out for this reservoir setting (Fig. 6c) indicate a sharp increase in the mobile CO2 during the early stages, suggesting that the wellbore needs to be remediated to contain the leakage. However, the mobile CO2 leaked into the shallow reservoir would become largely immobile after around 100 years.
Simulations carried out for further 50 years (60 years after the CO2 injection is terminated) for both Ketzin and Sleipner type reservoirs, without self-sealing effects, indicate that the mobile CO2 within the shallow aquifer is progressively reduced to zero, within 20 years post injection for Sleipner type reservoir and 60 years for Ketzin type reservoir. (Figs. 7a and 7b) . The increase in the amount of dissolved CO2 indicates that the amount of CO2 leaked is safely dissolved in the brine in the shallow aquifer. 
Conclusions
Experimental research into the sealing behaviour of the wellbore casing cement interface and the microannulus formed has suggested that self-sealing behaviour of cement under constant flux of CO2 would reduce permeability progressively under shallow reservoir conditions. This self-sealing behaviour during the reactive transport of CO2 is attributed to the carbonation reactions between cement, brine and CO2. However, this self-sealing behaviour was absent at elevated temperatures (T = 92 o C) which may be due to complete dehydration of the cement. Numerical modelling studies were carried out on three distinct and realistic geological reservoir settings with the assumption that microannulus at the well casing cement interface results in a permeable pathway through which CO2 injected into a host formation leaks into a shallow aquifer. Results from the numerical simulations indicated that the amount of CO2 in all phases (dissolved, trapped and mobile) within the shallow aquifer would be significantly reduced with the implementation of the sealing effects in the model.. Furthermore reservoir simulations also indicated that, at the temperatures and pressures tested (T = 34 -40 o C and P = 8 -10 MPa) the CO2 leaked into the shallow aquifer would be fully dissolved or trapped within 60 years after the end of injection for the cases considered.
This research suggests that, leakage from the microannulus between the well casing and cement of an injection well in a relatively shallow formation may not pose a risk to CO2 containment in the long-term, as the self-sealing mechanism may eventually stop the leakage. But, if such leakage is to be observed in deep, high temperature and high pressure reservoirs, a contingency plan for remediation of the leakage must be put in place to secure the containment of CO2.
